Injection is an economical method of producing plastic holographic optical elements (HOEs) in large or small quantities and of various types. A computer-analysis system is used to simulate and control the results of the manufacturing system. A computer program, based on coupled-wave theory, predicts and evaluates the diffraction efficiency of a hologram. The CAEMOLD computer simulation software assists in calculating and modifying the injection process. A fuzzy control model is used to obtain the proper operating parameters. These techniques can obtain uniform distribution and a high diffraction efficiency in the plastic HOE product from the results of the computer controller.
Introduction
A computer analysis technique, as shown in Fig. 1 , is provided to produce large or small quantities and various types of holographic optical elements (HOEs). These procedures relate to holography and more particularly to a technique for forming a mould to replicate large numbers of plastic articles, such as by injection or embossing, wherein the mould contains a hologram or other mierostructure for transfer to an outside surface of the plastic article [1] [2] . Since a surface-relief type hologram is an appropriate type for a HOE of mass injection production [3] , the author previously developed a new method of analyzing the performance of a surface-relief type hologram fabricating system. The injection method is a technique for replicating large numbers of plastic articles. The injection mould contains a fine structure of a blazed surface [4] [5] of a HOE for transfer to an outside surface of the moulded article. It is important to obtain a uniform distribution and a high diffraction efficiency in the plastic HOE product in order to avoid deformation and warping of the shape.
The diffraction efficiency of holograms in dichromated geletin (DCG), Agfa 8E75HD, or photoresist can be analyzed by defining a set of new concepts for the fabricating process and grating profile characteris-tics. Here, two types of holograms are used for photocopying. In a holographic set-up the magnitude and phase information represent the complex optical wavefront of the hologram from irrelevant terms created by the interference process. Holographic equipment in photoresist, without an electrical stabilizer [6] output, finds it difficult to maintain a stable magnitude and phase of coherent light from an object beam and reference beam. It is more simple for the apparatus to provide stable coherent beams which illuminate the object beam or reference beam to create a pattern in a holographic arrangement in Agfa 8E75HD or DCG. The exposure time is smaller in Agfa 8E75HD or DCG than it is in photoresist. Also, DCG shows sufficiently high resolution and low scattering noise for green and blue light, but the sensitivity is lower than that of Agfa 8E75HD. In order to reasonably resolve the economic problems of the holographic arrangement, the author chose Agfa 8E75HD to make the first hologram and then transferred its pattern to a photoresist plate by photocopy in the HOE's fabricating process [7] .
For preparing blazed holograms suitable for massproduction, which includes fabricating a glass plate having a surface of serrated cross section, disposing of the photoresist plate in an injection mould allows the surface of the serrated cross-section to constitute an inner surface of the mould. The mould is made by electrodepositing a metal on a model of the article to be moulded. Before this deposition, the hologram or other microstructure is formed on a surface area of the model by any one of several techniques. The result is a unitary mould piece in the shape of the article and having the hologram or other microstructure integrally formed on its inside surface. At the same time, a CAEMOLD computer simulation program [8] is used to design the metal model and to obtain the original operating value of the injection process. Then an acrylic resin in molten form is injected into the mould under a specific moulding pressure, and the moulded acrylic resin is removed from the metal model in order to obtain an acrylic blazed hologram.
In an ordinary HOE injection fabrication process, decision-making is made by the human mind [9] [10] . Furthermore, the ability to manipulate fuzzy sets and the consequent summarizing capability constitutes one of the most important assets of the human mind. From the transfer function of injection, the values of the injection temperature and packing time or holding time are corrected. From the present analysis, product quality is improved and waste is reduced. Some problems, such as wrinkling, curling, and breakage in the plastic plate or a short life of the metal model, can be eliminated under the proper operational parameters.
In addition, a computer analysis system is used to simulate and control the results of the manufacturing system, as follows: (i) a computer program, based on coupled-wave theory, predicts and evaluates the diffraction efficiency of a hologram; (ii) the CAEMOLD computer simulation software assists in calculating and modifying the injection process; (iii) a fuzzy control model is used to obtain the proper operating parameters.
These techniques can secure uniform distribution and high diffraction efficiency in the plastic HOE product from the results of the computer controller. One example is presented in the following discussion.
Coupled-wave theory
Two types of holograms (a planar hologram and a surface-relief hologram) are used for photocopying in the HOE's fabricating process [11] [12] . An important goal of solution diffraction efficiency of the two types of holograms with coupled-wave theory is to find the governing equation and the boundary conditions.
Planar hologram
Wave propagation in the grating is described by the scalar wave equation:
where E(x, z) is the electric field, which is independent of y (y-axis is perpendicular to the incident plane).
Propagation constant k(x, z) can be presented as follows:
(3J 2 k2 c2 e-jco/zy where: ~o is the angular frequency; ~(x, z) is the relative dielectric constant; ~(x, z) is the conductivity; c is the speed of light in free space; and p is the permeability.
For a phase grating, the relative dielectric constant can be written in the following form:
For an absorption grating, the conductivity can be written in the form:
where: e0 is the average relative dielectric constant; Ei is the dielectric constant modulation of grating i; 70 is the average conductivity; yi i:s the conductivity modulation of grating i; r is the radius vector; K is the grating vector of grating i; K i = 2~z/Ai; and A~ = 2~/2 sin 0~. The relationship between two gratings is:
K, x Kj II y(i #j).
Propagation constant k can be written with good accuracy as:
where:
in which no is the average refractive index of film.
The coupled-wae equation of a multiple exposure grating is derived in the following set:
where: (2) in which ni, o~ i is the index and absorption modulation of grating i; and k~ is the corresponding coupling coefficient of grating i.
CoeffÉcients (pz/fl), (a,z/,8) , (~raz/fl) are the components of the reference wave R, signal wave Si, and the second diffracted wave S~t respectively.
For a hologram of reflection type, the boundary condition can be expressed as follows:
For a hologram of transmission type, the boundary condition can be expressed as follows: 
Surface-relief hologram
The usual method of solving the boundary problems of surface relief holograms is to divide the gratings into three regions: region I is the field of free space, and region III is the field of substrate, whilst region II is then the field excluding region I and region II. Wave propagation in region II of the gratings is described by the scalar wave equation:
where: E2.. is the electric field for the nth slab grating in region II; z. is the z coordinate of the nth slab grating; En(X, z.) is the relative permittivity for the nth slab grating; and x = 2zc/2; 2 is the wavelength of the incident light.
The relative permittivity for the nth slab grating e. (x, z.) can be presented as follows:
~th,, exp(]hKx) (6) where: h is the harmonic index; K= 2z~/A; and ~,h., =
A is the grating spacing, and the function f(x, z n) is equal to either zero or unity, depending on the shape of the grating.
An example of the diffraction efficiency of a photoresist hologram is shown in Fig. 3 . 
Computer simulation method
From the results of the computer simulation of computer-aided engineering (CAE), the injection mould is designed and the process parameters determined. Firstly a data file of material data and process conditions is created; then the computer calculates the cavity volume; the total volume; the injection rate, etc. Fig. 4 is an example of the computer simulation of mould shape. After the finite-element program has been run to find the maximum pressure and temperature in the mould, the final times of the packing process and the distribution of the residual stress of the plastic particle can be determined. The process parameters and the position of the runner can be adjusted to obtain the optimal results.
Model representation of the mould filling process
When a polymer melt flows into a cool mould cavity, the conduction of heat, convective heat transport, and the production of heat through internal friction must be taken into account. The pressures and temperatures of the mould change with time in the inner zones and there are changes in runner geometry because of solidifying effects in the outer zones. The parameters of the mould filling process are very complicated, but still should match the real situation [13] . It is evident that frictional forces predominate in the case of polymer melts. The flow rate is controlled by the "length over which the feed screw can operate" and by the runner dimensions. The flow speed is the average speed across the runner cross section. Assuming that the temperature of the melt is isothermal and that there is no speeddependent change in viscosity, Newton's flow laws can be applied:
where AP is the dynamic pressure loss; Ds is the shear rate, i.e., the speed difference per distance of flowing layers; and r/ is the viscosity.
From the above equation a parabola-like flow profile across the runner cross section can be obtained, which shows the higher the shear speeds, the lower the viscosity. Two conditions can therefore be assumed: one is that the amount of melt flow passing through is constant, and the other is that the outer diameter of the cross section of the runners remains constant along the entire flow distance. Thus, the model of the mouldfilling process is as follows: laminar flow with a stationary outer layer and with a flattened speed profile, i.e., greater speed differences in the peripheral zones of the section; a solidified outer layer which becomes thicker in time and thus makes the section increasingly narrow.
In order to keep the flow rate constant, the thrust pressure must be increased to overcome the pressure loss from the flow resistance. Therefore, how to calculate the pressure loss by means of the usual flow resistance should be illustrated: top view
and:
side view where 9 is the mean flow rate, L is the flow path, D is the diameter of the round-section runner and H is the height of a slit runner section or the side length of a square-section runner. Within the filling process period, the temperature of the polymer melt changes, depending on the amount of heat supplied and lost. The following equation is used to calculate the increment of melt temperature: 
where ATm is the melt temperature, p is density and c is the specific heat. Two conditions should also be considered regarding the heat losses to reach the heat balance, one being the heat of expansion and the other the heat losses due to conductions. The polymer melt temperature is higher in the central area and lower on the side. The heat penetration index, b, is given by:
( 1 1) where 2 is the thermal conductivity.
The cooling analysis will show not only the temperature and the heat flux distribution of the injection mould but also the HOE target cooling time of the injection mould temperature and whether the arrangement of the cooling pipe and flow is sufficiently good. The HOE target process cycle is only about 5 s, so the injection and cooling time is very important. The simulation calculates the mould injection flow to optimize the flow rate and the size of the runner, within a reasonable range.
The flow-extension map shows the time consumption of the HOE target at any special flow area to find the best place for the air drain hole in the mould cavity. It also checks whether the injection flows balance sufficiently over the whole cavity. The central-temperaturedistribution map shows the target central layer temperature, which is the: injection loss pointer to indicate the lowest temperature without injection loss. The average-temperature-distribution map represents the whole cavity temperature over the injection period: this data can judge whether the target will burn out and where it will burn out.
The pressure-distribution map shows whether each mould cavity is filled up during the injection period, as the flow rate is very sensitive to pressure [14] [15] . The shear-stress-distribution map shows the data of shear stress which produces the residual stress: if the distribution is not uniform, it causes the target to warp and deform, and to have low strength.
The strain-rate-distribution map shows the gradient change rate of the target strain [16] . If the gradient change rate is too fast, the molecule chain of the target cannot follow, and the target will be torn and caused to have low strength: a reasonable value of the strain rate is less than 10 000 s -1.
The original operating parameters are listed in Table  1 . Fig. 5 is the result of the computer simulation, from which it can be seen that the distribution of the fringe pattern is reasonable and acceptable.
Fuzzy control processing
For the uncertain manufacturing parameters, X, and hologram characteristics, Y, and the desired adjustment output, Z, the rule of 'fuzzy reasoning' (or 'approximate reasoning') can be used to obtain a reasonable result [17] . Let x denote a universal set of X, where A is the fuzzy set of the degree of x: where/~A is the membership function and (0, 1) denotes the interval of real numbers from 0 to 1, inclusive. For the corresponding Y a fuzzy set B and /~B is created and for the corresponding Z a fuzzy set C and /~ is created.
According to the Zadeh method, the operators 'if', 'and', 'then', in a hologram fabricating process must obey the fuzy set relationship as the form:
R: A&B~ C (13) According to the membership value of C, it is possible to decide the real exposure energy value of the fabricating process from the procedure of 'defuzzification'. Here 'Centroid Defuzzification' z* is selected to transform the output quantity:
where/~(z~) is the membership function from each rule and z; is the corresponding value of the adjustment of exposure energy from each rule.
This system is then transferred to an injection hologram fabricating system,. The operators 'if', 'and', 'then', must here be modified as the form of the fuzzy set relationship:
R: A --* B&C&D&E. . . (15) where B, C, D, E,... is the set corresponding to the adjustment of the input process parameters:
where /AN(ZNi ) is the membership function of the input process parameters N (corresponding to B, C, D, E...) from each rule and ZNi is the corresponding value of the input process parameters N from each rule.
The input process parameters set of injection holographic optical elements are as defined {the degree of the temperature of the injection tube T~, the degree of the injection pressure Pc, the degree of the packing time tl, the degree of the injection velocity v;, the degree of the injection time t2, the degree of the cooling time /3, the degree of the cycling time t4, the degree of the time of the material in the injection tube ts, the drying time of the material t6, the temperature of the model Tm, the temperature of the runner Tr, the force of model locking Fl} and the output results set, A, is {the degree of the flow line F1, the degree of the edge function Fe, the degree of the image prints which are cloudy F c, the degree of the burning spots Fb, degree of the breakage in the product Fb, the degree of the shrinkage in the product Fs}. Changes in the output results set A we observed here for different processes and unstable environments, so changes must be made in the input process parameters set B for different processes.
Let X= {the flow line x~, the edge function x2, the image prints which are cloudy x3, the burning spots x4, the breakage in the product xs, the shrinkage in the product x6}, then support of a fuzzy set, A, in the universal set X can be seen as the crisp set that contains all the elements of X that have a non-~.ero membership grade in A. Assuming that xi is an element of the support of fuzzy set A, and Pi is its grade of membership in A, then A is written as: (17) where the slash is employed to link the elements of the support with their grades of membership in A and the plus sign indicators.
An a-cut of a fuzzy set A is a crisp set, A,, that contains all the elements of the universal set X that have a membership grade in A greater than or equal to the specified value of ~. This definition can be written as~ A~ = {x~ Xllla(x ) ~> ~} The value of ~ can be chosen arbitrarily but is often designed at the values of the membership grades appearing in the fuzzy set under consideration. In this case, the a-cut method is used to obtain the value of A. These measurements of A are made under a fuzzy model, not an exact model. This estimation is fuzzy statistical analysis. For many purposes, a very approximate characterization of a collection of data is sufficient because most of the basic tasks performed by humans do not require a high degree of precision in their execution.
The following rules are created to resolve the common problems in the embossing process: Rule 1. If leakage of the product is apparent, then increase the injection pressure, the temperature of the model, the velocity of injection, the temperature of the injection tube, and at the same time decrease the friction of the nozzle.
Rule 2. If the edge of the product is not good, then increase the force of model locking and decrease the packing time, the injection pressure, the temperature of the injection tube, the injection velocity and the injection time.
Rule 3. If the warping condition is serious, then increase the power of the injection machine, the supplement of the method, the velocity of injection and the cooling time and decrease the temperature of the injection tube and the cycling time.
Rule 4. If breakage results, then decrease the injection pressure and the packing time and increase the temperature of the injection tube.
Rule 5. If there is a burning spot, then decrease the injection pressure, the temperature of the injection tube, the velocity of injection flow and the time of the material in the injection tube.
Rule 6. If the brightness of the image is not good, then decrease the temperature of the injection tube, increase the temperature of the model and increase the drying time of the material.
Rule 7. If the flow line is apparent, then increase the temperature of the injection tube, the pressure of injection, the injection pressure, the temperature of injection model, the packing time and the temperature of the runner head.
Rule 8. If there are many bubbles in the product, then decrease the injection pressure and the temperature of injection tube and increase the velocity of injection flow and the cycling time of the material.
The model takes advantage of this tolerance for imprecision into fuzzy sets which bear an approximate relationship to the primary data. An addition can be made to these rules if it is thought necessary. The correction value depends on the summation of the whole correction effect of Rules 1-8.
An example of the operating parameters is shown in Table 2 . From the experimental study of the HOE computeranalysis system f2 (the experimental study of the injection hologram and its fuzzy-control analysis in the fabricating process), the following conclusions are obtained.
(1) There is about a 20% increase in diffraction efficiency of the hologram.
(2) The system, as adapted, can provide the production of HOE more practically.
(3) The system, as adapted can help the application of (LA) laboratory automation in HOE fabrication.
(4) Comparison of the results of computer-simulation analysis with experimental measurement data shows very good agreement.
The availability of multi-purpose fabricating of a more complex HOE with very simple and economical equipment will be confirmed in further research.
